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MBAStntBMBKTS  IN  a naturally  turbulent  boundary  layer 
with  heat  transfer  to  the  surface  were  made  in  the  con- 
tinuous 12-  by  12-cm.  N.O.L  hypersonic  tunnel.1  The^survey 
station  was  located  on  the  centerline  of  one  of  the  diverging  walls 
of  a straight-walled  two-dimensional  nozzle.  The  free-stream 
Mach  Number  (Mm)  at  the  survey  station  was  7.0,  and  the  free- 
stream  velocity  was  3,400  ft.  per  sec.;  the  free-stream  Mach 
Number  gradient  inherent  in  this  type  of  nozzle  was  approxi- 
mately 0.05M  per  in.  Wind-tunnel  supply  pressure  (po)  and 
temperature  (To)  were  kept  constant.  To  being  50 ’C.  higher 
than  the  temperature  needed  to  avoid  air  condensation  during 
the  expansion.  Well  surface  temperature  ( T„ ) was  kept  constant 
at  Tm/Tm  — 5.7  by  a water  cooling  system  in  the  nozzle  wall. 
The  static  pressures  measured  on  the  wall  and  at  the  edge  of 
boundary  layer  agreed,  and  this  value  of  static  pressure  was 
assumed  to  exist  through  the  boundary  layer.  Pitot  pressure 
was  surveyed  from  wall  to  free  stream,  with  a probe  large  enough 
to  avoid  errors  due  to  slip  flow  effects.’  The  Mach  Number  de- 
termined Irom  the  Rayleigh  formula  is  shown  on  Fig.  la.  (The 
use  of  the  perfect  gas  law  and  -y  — 1 4 implied  in  this  procedure  3 
valid  for  our  test  conditions.)  Total  temperature  (TV)  distribu- 
tion was  surveyed  with  a double-shielded  total  temoerature 
probe.  This  probe  was  calibrated  in  the  free  stream  at  about 
the  same  M and  Re  encountered  in  the  boundary  layer.  The 
To'  profile  obtained  after  applying  these  calibration  factors  is 
shown  in  Fig.  lb.  Velocity  was  calculated  using  the  M daia 
points  and  values  of  7Y  obtained  from  a curve  faired  through  the 
measured  To'  points.  A straight  line  was  drawn  between  the 
last  To'  point  and  the  measured  value  of  7V  This  velocity  pro- 
file is  shown  in  Fig.  Ic,  which  combines  the  results  of  four  inde 
pendent  runs  at  identical  operation  conditions.  A '/7-power 
profile  is  also  shown  in  Fig  1c  for  comparison.  Since  all  tlra  :1o-a 
properties  in  the  boundary  layer  are  known,  displacement  thick- 
ness (J*)  and  momentum  thickness  (*)  could  be  computed  and 
are  indicated  in  Fig.  1c.  The  Reynolds  Number  based  upon 
free-stream  conditions  and  displacement  thickness  is  43,'X)0. 
•vhile  an  equivalent  flat  plate  Re  would  be  of  the  order  of  10’. 

Other  measurements  show  that  tunnel  supply  temperature  ( To) 
i constant  across  the  nozzle  inlet  Therefore,  the  rate  of  heat 
transfer  per  unit  nozzle  width  ( Q ) from  the  nozzle  inlet  to  the 
boundary-layer  station  may  be  computed  from 


<?  “ e,p.«„(7'»  - T»)« 

(1) 

Cm  eu  /T,'  - T.\  . 
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Eq.  (2)  represents  a definition  of  an  ‘ energy  thickness”  that  per- 
mits tht  calculation  of  Q from  the  mass  flow  weighted  defect 
of  To'  with  respect  to  To  across  the  boundary  layer  at  the  survey 
station.  On  the  other  hand,  Q may  also  be  determined  by  meas- 
uring the  discharge  rate  and  temperature  increase  of  the  nozzle 
cooling  water  after  a steady  state  of  heat  transfer  has  been  estab- 
lished. It  was  found  that  these  two  values  of  Q were  in  agreement 
suggesting  the  reliability  of  the  7V  measurement  in  the  boundary 
layer. 

Measurements  in  the  steel  nqzzle  wall  showed  that  '.he  tem- 
perature dropped  linearly  with  distance  from  the  surface  at  the 
survey  station  after  a steady  state  of  heat  transfer  had  been  es- 
tablished. Knowing  the  temperature  gradient  ( dT/dy ) and  the 
thermal  conductivity  (*)  in  the  steel  wall,  the  rate  of  heat  transfer 
per  unit  area, 

q - k(dT/dy)  -l WT.  - r„)  (3) 

could  be  computed,  where  k is  the  heat-transfer  coefficient.  How- 
ever, to  determine  the  Stanton  Number  (Stm)  (also  called  the 
dimensionless  heat-transfer  coefficient  Cnm ), 


HdT/dy) 

c,»mum(T,  - r„) 


(4) 


we  need  to  know  the  insulated  flat-plate  temperature  ( T ,).  a 
quantity  that  we  were  not  able  to  measure.  Assuming  the  rela- 
tion between  our  recovery  factor  (r)  and  Prandtl  Number  ( Pr ) 
to  be  r — Pr''*  and  raking  Pr  — 0.73,  we  can  calculate  T,  and 
in  turn  obtain  Stm  ~ 0.00075  from  Eq.  (4)  and  the  measured 
data.  I’sing  Pr  m 1 (and  thus  T,  — To),  we  find  Stm  — 0.00061. 
However,  after  applying  the  relation*  C/m/2  — StmPr,/*.  we  ob- 
tain C/m  «■  0 0012  regardless  of  which  of  these  Pr  we  choose 
Knowing  the  local  friction  coefficient  (cfm).  we  calculate  the  shear 
stress  at  the  wall  (r„).  While  the  heat -transfer  measurement 
may  not  be  too  reliable,  we  are  now  able  to  tentatively  plot  our 
velocity  profile  in  the  u*.  y*  parameters*  as  shown  on  Fig.  2. 
Since  these  parameters  are  of  most  value  near  the  wall,  the 
density  and  kinematic  viscosity  were  based  upon  wall  proper- 
ties. The  portion  of  the  velocity  profile  derived  from  measured 
SI  but  only  interpolated  To'  (note  actual  distances  from  wfcll)  is 
represented  by  a dashed  line  For  comparison,  von  KAnnAii’s 
incompressible  flow  serailogarithmic  .w*  and  assumed  linear 
velocity  distribution  (u  * — y*)in  the  laminar  sublayer  are  shown 
on  Fig.  2 Finally,  a compressible  flow  profik  calculated  from 
Eq.  (72)  of  Van  Driest 's  analysts'  for  our  Mm  and  T*/Tm  is  shown. 
(Aside  from  other  assumptions  inherent  in  this  analysts,  the  pro 
file  has  the  boundary  condition  u ■ r,  it  ; ■ I ) 

It  appears  from  Figs  ic  and  2 that  the  measured  velocity  pro- 
file is  similar  to  that  found  in  low-speed  flow  except  in  the  region 
extremely  close  to  the  wall,  and  this  dflercnce  may  be  due  to  the 
lack  of  7Y  measurements  in  that  region. 
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Fic  1.  Measured  turbulent  boundary-layer  profiles  with  heat 
transfer  at  a free-strearn  Mach  Number  of  7. 


Fic.  2.  The  a*.  y*  representation  of  the  measured  velocity 
profile  at  Mm  “ 7 and  com  pari  sor.  with  theory. 
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